The I locus in soybean (Glycine max) corresponds to a region of chalcone synthase (CHS) gene duplications affecting seed pigmentation. We sequenced and annotated BAC clone 104J7, which harbors a dominant i i allele from Glycine max 'Williams 82', to gain insight into the genetic structure of this multigenic region in addition to examining its flanking regions. The 103-kb BAC encompasses a gene-rich region with 11 putatively expressed genes. In addition to six copies of CHS, these genes include: a geranylgeranyltransferase type II β subunit (E.C.2.5.1.60), a β-galactosidase, a putative spermine and (or) spermidine synthase (E.C.2.5.1.16), and an unknown expressed gene. Strikingly, sequencing data revealed that the 10.91-kb CHS1, CHS3, CHS4 cluster is present as a perfect inverted repeat separated by 5.87 kb. Contiguous arrangement of CHS paralogs could lead to folding into multiple secondary structures, hypothesized to induce deletions that have previously been shown to effect CHS expression. BAC104J7 also contains several gene fragments representing a cation/hydrogen exchanger, a 40S ribosomal protein, a CBL-interacting protein kinase, and the amino terminus of a subtilisin. Chimeric ESTs were identified that may represent read-through transcription from a flanking truncated gene into a CHS cluster, generating aberrant CHS RNA molecules that could play a role in CHS gene silencing.
Introduction
Plants produce a wide variety of complex secondary compounds such as anthocyanins, lignin, phytoalexins, and flavones that provide attractive colors, structural strength, pest deterrents, and various chemicals that allow them to communicate with organisms within their environment (Stafford 1990) . Synthesis of many of these compounds stems from the phenylpropanoid pathway. Chalcone synthase (CHS) catalyzes the addition of three molecules of malonyl-CoA to one molecule p-coumaroyl-CoA for the synthesis of chalcone. This is the first committed step in the phenylpropanoid pathway towards the synthesis of flavones, isoflavones, phytoalexins, and anthocyanin and phlobaphene pigments (Winkel-Shirley 2001) .
In several plant species, such as bean, pea, petunia, and soybean, CHS constitutes a multi-gene family (Koes et al. 1987; Ryder et al. 1987; Wingender et al. 1989; Harker et al. 1990; Franken et al. 1991) . In soybean, analysis of genomic clones from Glycine max 'Williams 82' has shown that there are seven closely related CHS gene members (Akada et al. 1990; Akada and Dube 1995) . An additional gene, CHS8, has recently been described in GenBank (accession No. AY237728). Three of these eight genes (CHS1, CHS3, and CHS4) have been found located within a 10-kb region (Akada and Dube 1995) corresponding to the I locus (Todd and Vodkin 1996) .
The genetics of the I locus are quite complex owing to dominance inhibition and multiple phenotypes resulting from epigenetic interactions. The dominant I allele completely inhibits seed coat pigmentation resulting in a yellow coat and yellow or grey hilum (the region of seed attachment). The homozygous recessive i allele gives rise to full pigmentation of the seed coat. Additionally, seeds may also be pigmented in patterns intermediate to these extremes (i i allele confines pigmentation only to the hilum region, whereas i k extends pigmentation from the hilum to partially spread across both sides of the seed coat, the so-called saddleshaped pigmentation). Spontaneous mutations of the dominant I or i i alleles to the recessive i allele have been associated with deletions in CHS promoter sequences, paradoxically resulting in pigmented seed coats with a higher level of CHS expression (Todd and Vodkin 1996; Senda et al. 2002; Tuteja et al. 2004 ) and suggesting that cosuppression or gene silencing may operate in this endogenous soybean system. A possible post-transcriptional mode of gene silencing has been shown to operate in this system via the presence of short interfering RNAs (Senda et al. 2004 ) and the active transcription of genes of the I locus cluster (Tuteja et al. 2004) .
Like many crop species, soybean (Glycine max (L.) Merr.) has a relatively large and complex genome, estimated to be 1.29 × 10 9 bp (Gurley et al. 1979 ). Development of various genetic tools and gene discovery methods, such as densely saturated genetic maps (Cregan et al. 1999) , deep coverage BAC libraries (Marek and Shoemaker 1997; Danesh et al. 1998) , over 300 000 ESTs , and cDNA microarrays (Thibaud-Nissen et al. 2003; Clough and Vodkin 2004; Vodkin et al. 2004) , has greatly aided the understanding of the genome organization, structure, and function of this economically important crop plant.
The interesting biological effects of the multigenic I locus on CHS expression, and consequently on seed coat pigmentation (Todd and Vodkin 1996; Tuteja et al. 2004) , and the availability of a soybean BAC library (Marek and Shoemaker 1996) led us to completely sequence and annotate a BAC clone harboring the I locus. We present here the sequence and annotation of the soybean BAC clone 104J7 (BAC104J7) from Glycine max 'Williams 82' (homozygous for the i i allele, yellow seed coat with pigmented hilum). This BAC clone was found to contain a 103 334-bp generich region of the soybean genome. In addition to analyzing the structure of the complex I locus, sequence data enabled us to examine large spans of flanking DNA. Eleven putatively expressed genes were identified in that sequence using information from the soybean EST project to assist in prediction of intron/exon structure. Strikingly, the sequence data revealed that the entire CHS1, CHS3, CHS4 cluster of 10.91-kb is also present as a perfectly inverted repeat, with both clusters separated by 5.87-kb of genomic sequence. The highly repetitive and inverse nature of the CHS genes in the i i alleles of 'Williams 82' and related cultivars suggests that production of hairpin, doublestranded, or antisense RNA at the locus may be a trigger for the dominant silencing effect exhibited by these alleles.
Materials and methods

Sequencing
Pooled BAC libraries of genomic soybean DNA cloned into pBeLoBAC11 from the Iowa State University 'Williams 82' library collection were screened (Graham et al. 2002) with PCR primers CHCODE and CHS1A (Todd and Vodkin 1996) , which are specific to the promoter region of CHS4 and consequently do not cross hybridize to other members of the CHS gene family. Several BAC clones (BAC77G7, BAC92020, and BAC104J7) were identified that produced PCR products of the correct size when this primer combination was used. These BAC clones were restriction digested, blotted, and probed with pC2H2.0, which cross hybridizes to CHS1-CHS6 gene family members (Wang et al. 1994; Todd and Vodkin 1996) . Owing to this cross hybridization, Southern blots probed with pC2H2.0 identified BACs containing CHS1 and CHS3, in addition to CHS4, as restriction fragment patterns relating to the different CHS genes are known (Akada and Dube 1995; Todd and Vodkin 1996) . BAC104J7 was chosen for complete sequencing because it contained the 2.3-and 7.5-kb HindIII fragments, diagnostic of the I locus, and was lacking other HindIII fragments corresponding to other members of the CHS family. BAC77G7 and BAC92020 also contained CHS2 and CHS5 in addition to CHS1, CHS3, and CHS4.
BAC104J7 was reduced to smaller, overlapping fragments by independent digestions with three different restriction enzymes, EcoRI, HindIII, and MunI. The resulting restriction fragments were cloned into a similarly cut vector, pGEM3zf+ (Stratagene, La Jolla, Calif.). Clones were first screened by restriction fragment size and were subsequently sequenced by priming the vector with either M13 forward or reverse primers. First-pass sequences were compared with public sequence databases (http://www.ncbi.nih.gov/blast) to verify that they were not the BAC vector pBeLoBAC11 or of Escherichia coli origin. Each subclone containing putative soybean DNA was further sequenced by primer walking. Sequences from individual subclones were contigged using the program Sequencher version 4.1.2 (Gene Codes Corporation, Ann Arbor, Mich.) and kept intact when contigging to other sequences. Gaps were filled by direct sequencing of the BAC or by further directed subcloning. Problematic regions, such as the regions containing multiple copies of CHS, were more thoroughly restriction mapped and further subcloned until redundancies were eliminated and a clean sequence readout was obtained. Several fragments distinguished the two CHS clusters: 20.2-kb MunI, 13.8-and 12.6-kb EcoRI, and the 13.1-kb SstII fragment left on the Sp6 end of pBeLoBAC11 (Figs. 1 and 2A) . However, these fragments all proved to be challenging to clone. To overcome our difficulty in cloning these fragments, we employed three different strategies. One was to digest BAC104J7 with SstII, which cut the BAC infrequently. Because pBeLoBAC11 lacks an SstII site, religation under dilute conditions resulted in the recircularization of the vector plus 5092 bases at the T7 end and 13 111 bases at the Sp6 ends of BAC104J7 to generate clone S701, which contained 5282 bases of the second CHS cluster, cluster B ( Fig. 2A) . Sequence data derived from the T7 and Sp6 ends of S701 matched precisely the sequence obtained by primer walking from the T7 and Sp6 ends of pBeLoBAC11, indicating that we recovered the relegated plasmid with DNA from the two ends of the insert as desired. To obtain clean CHS sequence from S701, further subcloning with HindIII, PstI, and SstI was needed. In addition to S701, sequence information from this second CHS cluster was obtained from the Sp6 end of the insert by sequencing Sau3AI subclones derived from digestion of the gel-purified 20.2-kb MunI fragment containing 4067 bases of the vector (Sp6 end) and 16 195 bases of insert DNA, including 77.6% (8466 bases) of CHS cluster B ( Fig. 2A) . To complete the sequence of this second CHS cluster, the 13.8-kb EcoRI fragment was purified, digested with SstII, and the resulting SstII and SstII-EcoRI fragments were cloned and sequenced. To ensure that we isolated only DNA from the 13.8-kb and not from the 12.6-kb EcoRI fragment, the 13.8-kb fragment was gel purified three consecutive times from 0.6% agarose gels that migrated at least 10 cm from the wells during each electrophoresis before cloning. The 5.3-kb SstII-EcoRI subcloned fragment of the 13.8-kb EcoRI fragment indicated we isolated the correct fragment, as the 12.6-kb EcoRI fragment lacks it ( Fig. 2A) . Subclones that contained CHS duplicated sequence were further subcloned with AccI, SstI, or PstI as needed to remove duplication and obtain a clean sequence.
Sequencing protocol
Sequencing primers 18-22 bases in length were designed with the aim of adhering to the following general criteria: T m 50-70°C; G of secondary structures weaker than -9 kcal/ mol; GC content between 35% and 65%; not more than three Gs or Cs at the 3′ end; lack of palindromes greater than four bases. Adherence to these parameters was verified using the software Oligo (Molecular Biology Insights, Inc., Cascade, Colo.). Primer synthesis was performed at the University of Illinois Keck Center's Core Facility.
Sequencing was performed at the University of Illinois Keck Center's Core Facility. Cycle-sequencing reactions were performed with the ABI Prism BigDye Terminator version 3 Ready Reaction Mix (Applied Biosystems, Foster City, Calif.) and run on MJ Research PTC-100 thermal cyclers. Completed reactions were precipitated with a 0.2mM MgSO 4 solution and loaded onto the Applied Biosystems (ABI) Prism 377-XL automated sequencer. The Prism 377 used ABI 377-96 data collection software to construct gel files from which samples were subsequently analyzed with the software Sequencher (Gene Codes Corporation, Ann Arbor, Mich.) and Vector NTI (Invitrogen, Carlsbad, Calif.). The complete and annotated sequence of BAC104J7 (Gm_Isb001_104_J07) has been deposited into GenBank under accession No. AY262686.
Sequence verification
The BAC104J7 sequence was verified by comparing predicted restriction fragments to agarose gels of restrictiondigested DNA. Bands greater than 2.2 kb present on gels of EcoRI-, HindIII-, and MunI-digested BAC104J7, were accurately predicted by computer analysis of the sequence data (data not shown). Smaller fragments were too numerous and less clear on gels for accurate accounting. In addition to verification by gel electrophoresis, Southern blots of BAC104J7 probed with a CHS fragment that hybridized to all CHS family members ( Fig. 2A) labelled bands of the correct computer-predicted sizes for fragments cut with EcoRI, HindIII, and MunI (Fig. 2B) .
The sequence of our 9992 bases of CHS1, CHS3, and CHS4 cluster from the BAC104J7 clones is very similar to the 10307 bases published by Akada and Dube, having only 11 bases that differ over 9692 bases for 99.9% identity. However, the sequences differ dramatically over the terminal 632 bases that immediately follow a Sau3A restriction site that overlaps the stop codon of CHS1.
To verify the presence of the duplicated segments in the soybean genome found on our sequence of BAC104J7, we performed PCR of the ends of the duplicated CHS clusters using primers internal to the duplicated regions and primers specific to the non-duplicated region immediately flanking the duplicated clusters. Primers used to amplify fragments depicted in Fig. 3 are listed in Table 1 as pairs of forward and reverse primers. Using about 350 to 500 ng template genomic DNA, fragments were amplified after an initial denaturing at 96°C for 2 min with the following conditions: 96°C 20 s, 55°C 1 min, 72°C 2 min (4 min for fragment 4), cycled 39 times ending with a 72°C extension for 7 min.
Annotation
To determine the annotation of BAC104J7, the consensus sequence was initially fragmented into 1000 base sequences that overlapped by 500 bases and autoBLAST against the National Centre for Biotechnology Information (NCBI) EST and NR databases downloaded onto local computers. Multiple soybean ESTs and The Institute for Genomic Research (TIGR) tentative consensus (TC) sequences were identified that had homology with insert DNA. These ESTs and TCs were essential for determining intron and exon structure. Additional sequencing of specific cDNA clones was performed to aid our ability to correctly identify gene structure. The freeware program Artemis (release 4, Genome Research Ltd., The Sanger Center, Cambridge, UK) was used to help assemble all annotation data. Final gene prediction was accomplished by analyzing the results of tBLASTx and BLASTx searches.
Results
Sequence/structural analysis of BAC104J7
The clone BAC104J7 was isolated from a Glycine max 'Williams 82' BAC library (Marek and Shoemaker 1996) using a CHS4 promoter region probe. This BAC library consists of approximately 40 000 clones representing 4-5 genome equivalents Shoemaker 1996, 1997) . The 103-kb BAC104J7 clone was reduced to smaller subfragments ranging from 0.2 to 16 kb in size, which were subsequently sequenced and contigged, allowing the identification of 11 putative complete genes and 6 partial genes that were present as either 5′, internal, or 3′ fragments (Fig. 1) . Some of the complete genes were as much as 20 kb in length and interspersed with as many as 18 introns. Although plant genomes are known to be riddled with transposable elements (Feschotte et al. 2002) , we did not observe any long stretches associated with transposable elements in this 103-kb clone. However, minor stretches of short repeat sequences were observed (Table 2) , as was one region within the first intron of the putative spermine/spermidine synthase (E.C. No. 2.5.1.16) (described below) with homology to internal fragments of a reverse transcriptase of a non-LTR type retroelement ( Fig. 1 ; Table 3 ). Interestingly, the 10-kb CHS1, CHS3, CHS4 cluster (observed by Akada and Dube 1995) comprising the I locus was observed to be present as an exact, perfect, inverted repeat with 5.87 kb of DNA separating the two clusters.
BLAST (http://www.ncbi.nih.gov/blast) searches were used to annotate the sequence. For clarity of presentation, we divided the annotation of BAC104J7 into three sections: (i) the 5′ end, from base 1 to 67 816; (ii) the 3′ end, from base 95 506 to 103 334; and (iii) the I locus, consisting of the 10.91-kb repeat CHS region "cluster A" from base 67 817 to 78 727, the 5.87-kb region between the clusters from base 78 728 to 84 594, and the second 10.91-kb repeat CHS region, "cluster B", from base 84 595 to 95 505.
Multiple complex genes, as long as 20 kb, comprise the first 68 000 bases
Within the first section, the 5′ end, we identified four complete genes and two partial genes ( Fig. 1; Table 3 ). Bases 1 to 2063 contain the last 4 introns and 4 exons of a protein that is highly similar to the 20-kDa subunit, ARPC p20, of the actin-related protein 2/3 complex. The cloning of BAC104J7 resulted in cutting off the 3′ end of the ARPC p20 gene from its 5′ end. However, ESTs that span the 5′ end have been deposited in GenBank and contigged by TIGR (http://www.tigr.org). The sequence data from BAC104J7, in addition to the TIGR tentative consensus TC155183, allows the reconstruction of the coding sequence of an ARPC p20 gene. This reconstructed soybean ARPC p20 (19.727 kDa) is 97% positive with two putative ARPC p20 proteins from rice: Oryza sativa (AA037935) and Oryza japonica (AA073272). The 20-kDa subunit is one of seven members that make up the actin-related protein 2/3 complex ARPC, which is ubiquitous among eukaryotic life forms. This highly conserved, multi-member complex initiates actin polymerization at branch points in eukaryotes (Welch et al. 1997; Volkmann et al. 2001) . The crystal structure of the entire multi-unit complex has been determined for the bovine Arp2/3 complex (Robinson et al. 2001) .
Following ARPC p20 is a large, complex gene that has high amino acid sequence similarity to an unknown, but expressed, gene in Arabidopsis (NM_117449), as well as to an unknown putative gene in rice (AC108906) ( Fig. 1 ; Table 3 ). The ATG start of this soybean gene is tentatively predicted to be at base 5065 and its UGA stop codon ends at 25 407. This putative gene consists of 11 exons and 10 introns that would encode a protein of 2711 amino acids (aa) at 305.2 kDa. The intron-exon structure for the rice homolog (AC108906) is also complex, consisting of 15 exons and 14 introns. The amino-terminal 65-85 amino acids of these three genes have poor homology to one another, making exon prediction at the 5′ end dubious. This gene is apparently expressed in soybean, as indicated by the presence of 4 ESTs in the public databases with high homology (Table 3) .
Continuing in the same direction of transcription, the region from bases 26 447 to 29 638 has partial homology to cation/hydrogen exchangers (CHX) of Medicago truncatula (AC146683.9) and Arabidopsis (NP_190076.1), as well as other plants ( Fig. 1; Table 3 ). However, this gene appears to be fragmented, as this region in soybean only accounts for about one-third of the gene. That this region encodes a nonfunctional CHX is also supported by the lack of soybean ESTs corresponding to this sequence in the public databases.
A putative 317 amino acid, 35.2-kDa Rab geranylgeranyltransferase (Rab GGTase) type II β subunit is present from bases 29 894 to 30 140 ( Fig. 1; Table 3 ). This gene consists of 8 exons and is transcribed toward the 5′ end of BAC104J7. The protein is most likely membrane associated, as it contains four strong transmembrane domains as determined by TMpred (http://www.ch.embnet.org/) and is highly homologous to Arabidopsis BAB10039, being about 90% positive over its entire length. This gene is apparently transcribed, as six soybean ESTs were identified matching this gene at ≥95% identity levels (Table 3) . Active Rab GGTases are heterodimers consisting of an α and a β subunit, with the β unit determining specificity for substrate. The dimer catalyzes the addition of the 20 carbon isoprene geranylgeranyl phosphate to the carboxyl ends of proteins. This prenylation is to a carboxy-terminal cysteine of protein targets ending in XXCC, CCXX, or CXC, where X is usually leucine. Proteins known to be prenylated by Rab GGTase have been shown to be involved in polar growth, cellular signalling, vesicle transport, protein-protein interactions, cytoskeleton organization, nuclear matrix, and pathogen response (Randall and Crowell 1999; Yalovsky et al. 1999) . Specific plant proteins shown to be prenylated by GGTases include chlorophylls, carotenoids, calmodulins, and gibberillins. Protein prenylation has recently been reviewed (Zhang and Casey 1996; Yalovsky et al. 1999; Sinensky 2000) . Bases 34 802 to 46 195 comprise a large complex gene encoding a putative spermine/spermidine synthase ( Fig. 1;  Table 3 ). This gene spans more than 11 kb, with the pre- It is possible that they may play a role in regulating transcription or producing variation during transcription. Neiserria meningitis controls phase variation by employing C repeats in the promoter that causes slippage during transcription (Henderson et al. 1999) . GenBank search for plant sequences containing long runs of Cs identified the rice AAP55056.1, an unknown gene that has 24 contiguous Cs -also within an intron at the 5′ end of the gene. Transcribed from the complementary strand from bases 63 780 to 49 248 is a gene consisting of 19 exons encoding 909 amino acids of 102.5 kDa ( Fig. 1; Table 3 ). The protein sequence derived from this gene has strong homology to β-galactosidase from across many plant genera such as Arabidopsis, Lycopersicum, Asparagus, Nicotiana, and Oryza. Expression in soybean is apparent based on the numerous homologous ESTs from at least 10 different libraries. These ESTs also suggest that this gene may undergo alternative splicing or that multiple copies or alleles with differing intron-exon features exist in the genome (Table 3) . Betagalactosidase has been shown to be a gene family in other plants, such as the 7-member family in tomato (Smith and Gross 2000) . Henrissat classified 291 glycosyl hydrolases representing all three kingdoms of life, into 35 families (Henrissat 1991) . By 1996, the number of glycosyl hydrolase families was increased to 57 to accommodate the approximately 1000 glycosyl hydrolase sequences that had amassed by then (Henrissat and Bairoch 1996) . The β-galactosidase gene on BAC104J7 falls into the glycosyl hydrolase type 35 category. β-galactosidase activity has been detected in a wide range of plants and plant tissues (Dey and Del Campillo 1984) and its enzymatic activity is postulated to loosen cell walls (Dopico et al. 1989) as substrates include common cell-wall components such as arabinogalactans, galactolipids, or pectin. β-galactosidase activity releases terminal galactose residues from these complex carbohydrates and plays a role in senescence and fruit ripening. the β-galactosidase gene of BAC104J7 from amino acid 192 to 204 as GGPIILLQIENEY, supporting the hypothesis that this is most likely a functional glycosyl hydrolase. At the end of this 68-kb section and bordering the first CHS cluster is an apparent genetic remnant of a 40S ribosomal gene. This sequence runs from base 67 617 to 67 464 and encodes 50 aa with 86% identity to known soybean 40S ribosomal proteins (spanning aa residues 87 to 136). The highest degree of identity among soybean ESTs was only 86% (131/152). That this sequence only represents an internal portion of 40S, and that the sequence similarity to ESTs representing active 40S ribosomal genes was far from 100%, supports that this is a gene relic and not a functional gene.
A truncated subtilisin gene borders the other end of the I locus
The only gene homologue that we identified within the terminal 5 kb at the Sp6 end of BAC104J7 was located flanking the I locus, 3259 bases from the CHS1 stop codon. This locus is homologous to the 5′ end of a subtilisin-like protease ( Fig. 1; Table 3 ). This truncated subtilisin fragment spans from base 98 492 to 97 752 and consists of 4 exons showing high homology to the 154 amino acids of the amino terminal end of subtilisin-like proteases from other plants (ex: 106/141 similar at amino acid level to Arabidopsis subtilisin NP_200789). Plant subtilisins were recently reviewed (Bogacheva 1999) and their expression has been associated with various stresses and specific developmental stages such as flowering and senescence (Beers et al. 2000) . Subtilisins have been isolated from a variety of plants, and occur as large multigene families in tomato and Arabidopsis.
In addition to the truncated subtilisin gene fragment found 3′ of the I locus, the EST database provides evidence that a complete subtilisin genomic sequence exists in soybean with homology to the amino terminal fragment present on BAC104J7 genome. Two soybean cDNA clones Gm-c1019-930 (derived from 'Williams 82') and Gm-c1023-6441 (from 'Richland') appear to be a near full-length cDNAs of a soybean subtilisin sequence representing over 660 amino acids, indicating that a non-truncated copy of the subtilisin gene exists elsewhere in the soybean genome.
Strikingly, the 10.91-kb cluster of CHS genes is present as an exact inverted repeat
One of the most interesting features of BAC104J7 is that it contains the CHS1, CHS3, CHS4 cluster as a perfect, basefor-base, inverted repeat (Fig. 1) . This region constitutes the third section of annotation of BAC104J7. Akada and Dube (1995) originally identified one CHS1, CHS3, CHS4 cluster within a 10-kb segment by sequencing multiple lambda soybean clones. Here, we found that this cluster was present on BAC104J7 within an exact inverted repeat spanning 10 910 bases separated by 5.87-kb. We have designated these CHS clusters A and B ( Fig. 1; Table 3 ). The 10.91-kb perfect repeat includes 1083 bases 5′ of the CHS4 start codon and 1010 bases 3′ of the stop codon of CHS1. These three CHS genes are highly similar, being approximately 98% identical at the nucleotide level and 99.5% (237/239) identical at the amino acid level. The sequence of this CHS region is very similar to that published by Akada and Dube (Akada et al. 1991; Akada and Dube 1995) , having only 11 bases that differ over 9692 bases for 99.9% identity.
The repeated CHS clusters consist of CHS1 (68 828 to 70 116 and 93 206 to 94 494), CHS3 (72 383 to 73 671 and 89 651 to 90 939) and CHS4 (76 356 to 77 643 and 85 679 to 86 966). Each CHS gene consists of one intron and encodes for a protein of 388 aa. Owing to the high degree of sequence identity, it is difficult for automated databases to correctly identify each CHS gene. Based on the 3′ UTR, clones Gm-r1083-1425, Gm-r1070-3019 and Gm-r1070-6668 represent genes CHS1, CHS3, and CHS4 respectively.
In addition to containing CHS genes, this duplicated 10.91-kb region also contains a 287-bp stretch with homology to two internal exons of a CBL-interacting protein kinase. This sequence spans bases 67 995 to 68 281 at the end of cluster A, as well as bases 95 041 to 95 327 at the end of cluster B. Translating these predicted exons generates a peptide of 65 aa that is nearly 85% homologous to an internal section of other CBL-interacting protein kinases, such as two genes from Arabidopsis (Table 3 ). This DNA sequence has homology to a handful of soybean ESTs. However, none of the soybean ESTs has sequence homology greater than 93%, suggesting that this region is probably a remnant of recombination that results in an unexpressed gene fragment.
Separating the two CHS clusters is a section of 5867 bases. This sequence shows no significant homology to sequences in the public databases, with the exception of several soybean ESTs that are homologous to a single large open reading frame from base 79 676 to 81 241 potentially capable of producing a protein of at least 440 aa and 50.1 kDa. It is plausible that these ESTs represent this gene as the corresponding TIGR tentative consensus (TC180194) is 97% identical. However, the EST from clone Gm-r1030-2042 of this TIGR tentative consensus contains an additional insert of 34 GA-rich nucleotides (GGAGAGAGAGGAAAGGGA-GAAGGAGAGGGACAAG) and is lacking in BAC104J7. Using BLASTn to search GenBank ESTs for the presence of this same GA repeat sequence, only clone Gm-r1030-2042 was retrieved.
The duplicated inverted repeat is present in the soybean genome
Southern blot analysis of BAC104J7 (Fig. 2B ) confirmed the existence of the CHS1, CHS3, CHS4 duplicated clusters on this BAC clone. To determine that the observed duplication was not an artifact of cloning, and that the duplication does infact exist in the genome of 'Williams 82', we designed sets of PCR primers specific to the ends of each cluster such that one primer originated from a unique sequence flanking the duplication and the other from within the end of one of the duplicated regions (Table 1; Fig. 3 ). In addition, we selected primers and amplified fragments from the region between the clusters. All nine primer pairs selectively amplified a single fragment of the size predicted from the BAC104J7 sequence data verifying that this duplication of the I locus occurs in the genome as well as on this BAC clone (Fig. 3B) .
The 27-kb inverted CHS repeat structure is not unique to 'Williams 82'
To test whether this duplication was a peculiarity of 'Williams 82', from which BAC104J7 was derived, we analyzed parental lines and recent ancestors of 'Williams 82' to determine if the duplication is present in these lines. Soybean breeding records allowed us to trace the pedigree of 'Williams 82' through several generations to about the early 1900s (Fig. 4) . 'Williams 82' was derived from crossing Glycine max 'Williams' with the plant introduction Kingwa (resistant to Phytophthora megasperma), followed by six backcrosses to 'Williams' (Bernard and Cremeens 1988) . 'Williams 82' possesses the Kingwa genes for Phytophthora resistance, but all other phenotypic traits assayed, including seed pigmentation, are that of the recurrent parent, 'Williams'. The parents of 'Williams' are L57-0034 and 'Wayne' (Fig. 4) . L57-0034 was a breeding line that was not maintained and is unavailable; therefore we assayed this line's parents, 'Adams' and 'Clark'. To determine if the duplication of the CHS clusters is present in the ancestors of 'Williams 82', we analyzed amplification of PCR fragments 1-9 used previously when verifying presence of the duplication in 'Williams 82' ( Fig. 3 ; Table 1 ). All nine amplicons were amplified from 'Adams', 'Clark', and 'Wayne' and exhibited the same apparent size as those amplified from 'Williams 82', indicating that both parental lines contained the duplication and that this duplication is found in two preceding generations of the 'Williams 82' pedigree. Ancestors CNS, 'Richland', and 'Lincoln' also contain the duplication as determined from this PCR assay (data not shown).
Chimeric cDNA clones provide evidence for aberrant CHS transcripts
Two ESTs corresponding to the subtilisin locus flanking cluster B revealed possible read-through from this truncated subtilisin gene into the CHS clusters and the generation of CHS antisense RNA (Fig. 5) . Clone Gm-c1069-6017 (isolated from 'Williams 82') begins with sequence identical to the subtilisin locus present on BAC104J7, but after the fourth exon, its sequence jumps to within CHS cluster B. In this clone the chimeric sequence consisted of greater than 1 kb of antisense CHS1 sequence in addition to 251 nucleotides of subtilisin sequence. Clone Gm-c1019-2331 (isolated from 'Williams 82'), also contained chimeric sequence corresponding to the first four exons of subtilisin (499 bases) and then its sequence jumps to region 88 674 -88 360, which lies between CHS4 and CHS3 on CHS cluster B. As previously discussed, there is evidence for the existence of a nontruncated subtilisin gene in soybean based on the occurrence in the EST databases of near-full length, and non-chimeric subtilisin ESTs represented by cDNA clones Gm-c1019-930 and Gm-c1023-6441.
Discussion
Soybean (Glycine max (L.) Merr) is believed to be a diploidized tetraploid generated from an allotetraploid ancestor (Hadley and Hymowitz 1973) . Current understanding on the genome organization of this complex legume has been aided by several genomic tools including BAC libraries, RFLP and SSR maps, SNP development, BAC-end sequencing (Marek and Shoemaker 1997; Danesh et al. 1998; Cregan et al. 1999) , and a large public EST database . The creation of BAC libraries of soybean genomic DNA has led to identification of a cluster of disease resistance genes recently (Graham et al. 2002) . We have used these soybean genomic resources to gain an insight into the structural organization of the I locus, which determines the expression and patterning of seed coat pigmentation in soybean.
By completely sequencing and annotating the 103-kb BAC104J7, we have shown that the I locus is part of a generich region of the soybean genome, thereby providing support for uneven distribution of the soybean genome that includes gene-rich islands. Gene-rich regions in soybean have also been revealed by comparisons of hypomethylated RFLPs and SSRs (Marek et al. 2001) . Foster-Hartnett et al. (2002) estimated the gene density in soybean to be 1 gene per 5-8 kb. Our data were in accord with this prediction, as we identified 11 complete genes (plus truncated pieces of 6 others) within 103-kb, or 1 complete gene per 9.4-kb. Gene density in closely related legumes Medicago truncatula and Lotus japonicus has been estimated to be 1 gene every 6-10 kb and 1 gene per 9-kb, respectively (Nakamura et al. 2002; Young et al. 2003) .
It is interesting to note that the intron-exon complexity of the genes within the I locus is much simpler compared with the other genes identified on BAC104J7. For example, the CHS coding regions span only 1,288 bases and contain just a single intron constituting 9% of the transcript, whereas other genes present on this BAC clone are on average 65% intron sequence and span up to 20.3-kb ( Fig. 1; Table 3 ). The only other soybean BAC clone to be fully sequenced focused on a disease resistance R-gene rich clone (Graham et al. 2002) . This 119-kb clone contained 16 R-gene or R-gene homologs with the largest genes on the BAC spanning only about 3000 nucleotides and containing a maximum of 3 introns, most introns being 100 to 200 bases long.
Interestingly, the region of the soybean genome represented on BAC104J7 contained only one small match to known plant transposable elements and only a few matches to repetitive DNAs ( Fig. 1; Table 2 ), though the soybean genome has been estimated to contain as much as 40%-60% repetitive sequences (Goldberg 1978; Gurley et al. 1979) . This is in striking contrast to quite a few other plant species for which repetitive sequences accounting for nearly 60% of the genome have been shown to be intermixed with genes (SanMiguel et al. 1996) . In a contiguous 280-kb region flanking the maize Adh-1F gene isolated on a YAC, 37 classes of repeats account for greater than 60% of DNA (SanMiguel et al. 1996) . Three types of retrotransposable elements were found to occupy over 10% of a 119-kb soybean BAC that also contained repetitive R gene homologs (Graham et al. 2002) .
During the screening for BAC104J7 using primers specific for the CHS4 promoter region, three BACs were isolated and two of these BACs appeared to contain other CHS genes in addition to CHS1, CHS3, and CHS4. For example, Southern blots indicate that BAC92O20 contains CHS2 and CHS5 in addition to genes CHS1, CHS3, and CHS4. BACend sequencing of BAC92O20 supports the postulation that CHS2 and CHS5 are very closely linked to the I locus, given that the T7 terminal 780 bases of BAC92O20 are 100% identical to bases 58 347 -59 126 of BAC104J7. BAC104J7, however, hybridized to only CHS1, CHS3, and CHS4 and did not contain CHS2 and CHS5. Because of its apparently reduced complexity, BAC104J7 was selected for complete sequencing. However, the sequencing of BAC104J7 revealed complexity greater than expected in view of the discovery that the entire 10.91-kb CHS1, CHS3, and CHS4 gene cluster is duplicated in an inverted manner, yielding two clusters of six CHS genes total, with the clusters separated by 5.87-kb.
The soybean genome contains many duplicated segments. Indeed, several chromosomal regions have been shown to be present in as many as six copies, with an average of 2.55 duplications per segment . However, the most striking feature about the CHS duplication in the i i allele is the base-by-base identity of the entire 10.91-kb stretch of DNA. Gene duplications are a key force of genome evolution. Observations from the genomic databases for several eukaryotic species suggest that duplicate genes arise at a very high rate, on average 0.01 per gene per million years (Lynch and Conery 2000) . This CHS perfect inverted duplication seems to have taken place in the recent past, probably within the last 10 000 years during domestication of the soybean as a crop plant.
A number of findings suggest that inverted repeats can be potent silencers of gene expression (Muskens et al. 2000) . The presence of large inverted repeats separated by the relatively short distance of 5.87-kb, in addition to the inverted arrangement of the CHS genes within each cluster, is suggestive that this region could readily form multiple hairpin loops and cruciform structures that could have implications on gene expression and possible rearrangements through deletions. If the DNA strands of the two clusters crossed over each other, the single strands of the clusters could swap leading to unpaired sections at the inter-cluster region between the two CHS4 genes, as well as at the ends of the CHS1 genes. Such folding could lead to deletion of the unmatched regions by DNA repair enzymes. A couple of indications of rearrangement occurring at the ends of the CHS clusters were detected. Firstly, the CHS1 flanking region of the duplicated clusters contains genes fragments, not complete genes. Flanking the end of cluster A is a fragment from a 40S ribosomal gene whereas flanking the end of cluster B is a truncated subtilisin gene. Within the ends of the duplicated sequence, 3′ of CHS1, there is also a gene fragment, a partial CBL-interacting protein kinase gene (Fig. 1) . Secondly, spontaneous deletions spanning the interlocus region and parts of the CHS clusters, have been detected in the analysis of several isogenic pairs that led to change in pigmentation of the soybean seed coat (Todd and Vodkin 1996) . Recent evidence documenting expression of these three CHS genes (Tuteja et al. 2004 ) and the presence of short interfering RNAs (siRNAs) in this system suggests a post-transcriptional mechanism of gene silencing (Senda et al. 2004) .
One potential origin of the silencing molecules (siRNAs) could be double-stranded, hairpin, or anti-sense RNA. Sequence of two chimeric cDNA's consisting of DNA from the I locus as well as the truncated subtilisin gene that flanks the CHS cluster B, indicates that read-through from the promoter of this truncated, neighboring gene might generate double stranded RNA from the CHS clusters (Fig. 5) , and may provide a possible means to silence CHS expression and pigmentation. Hairpin RNAs arising from inverted repeat sequences separated by a non-homologous spacer region, can induce strong post transcriptional gene silencing (Muskens et al. 2000; . If the read-through in 'Williams 82' from the subtilisin promoter transcribes through CHS1 and continues into the 5′ end of CHS3, one could have an inverted repeat with a 2.4-kb spacer region as a putative effective silencer of CHS.
We have previously shown that several fully pigmented isogenic lines of soybean cultivar 'Williams' have lost the 2.3-kb HindIII fragment associated with CHS4 from spontaneous deletions (Todd and Vodkin 1996) . From the sequence information presented here, we now know that the CHS1, CHS3, CHS4 cluster is duplicated. Therefore, these deletions must have been large enough to span both duplicated 2.3-kb HindIII fragments (Fig. 2A) . If these deletions also deleted the entire CHS cluster B and the truncated subtilisin, this could have removed the production of read-through aberrant or double-stranded CHS RNA. Recent evidence supports the idea that at least some of these black-seeded mutants do contain deletions that encompass the entire CHS cluster B region and its flanking region containing the truncated subtilisin gene (Tuteja et al. 2004) .
In summary, our data presents the genomic sequence and structure for the dominant i i allele of the I locus as a perfect inverted repeat. We also detail the genomic sequences for several flanking soybean genes in this gene-rich region. Finally, we show data supporting that a neighboring trun- cated gene may lead to production of antisense or aberrant CHS RNAs potentially involved in the silencing of CHS expression that is exhibited by the dominant i i allele.
